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Abstract
We present a study of the Galactic Center region as a possible source of both secondary gamma-ray and neutrino ﬂuxes
from annihilating dark matter. We have studied the gamma-ray ﬂux observed by the High Energy Stereoscopic System
(HESS) from the J1745-290 Galactic Center source. The data are well ﬁtted as annihilating dark matter in combination
with an astrophysical background. The analysis was performed by means of simulated gamma spectra produced by
Monte Carlo event generators packages. We analyze the diﬀerences in the spectra obtained by the various Monte Carlo
codes developed so far in particle physics. We show that, within some uncertainty, the HESS data can be ﬁtted as a signal
from a heavy dark matter density distribution peaked at the Galactic Center, with a power-law for the background with a
spectral index which is compatible with the Fermi-Large Area Telescope (LAT) data from the same region. If this kind
of dark matter distribution generates the gamma-ray ﬂux observed by HESS, we also expect to observe a neutrino ﬂux.
We show prospective results for the observation of secondary neutrinos with the Astronomy with a Neutrino Telescope
and Abyss environmental RESearch project (ANTARES), Ice Cube Neutrino Observatory (Ice Cube) and the Cubic
Kilometer Neutrino Telescope (KM3NeT). Prospects solely depend on the device resolution angle when its eﬀective
area and the minimum energy threshold are ﬁxed.
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Introduction
Astrophysical evidences for Dark Matter (DM) exist from galactic to cosmological scales, but the inter-
actions with ordinary matter have not been probed beyond gravitational eﬀects. In this sense, both direct
and indirect DM searches are fundamental to explore particle models of DM. If DM annihilate or decay in
Standard Model (SM) particles, we may indirectly detect the secondary products of such processes in astro-
physical sources where the DM density is dominant. In this context, the observation of secondary particles
is highly aﬀected by astrophysical uncertainties, such as the DM densities and distribution in the Galaxy
and the astrophysical backgrounds. In particular, the Galactic Center (GC) represents an interesting source
due to its closeness to the Earth, but also a complex region because of the large amount of sources present.
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In this work, we review the analysis of the data collected by the HESS collaboration during the years 2004,
2005, and 2006 associated to the HESS J1745-290 GC gamma-ray source as a combination of a DM signal
with an astrophysical power-law background. The best ﬁts are obtained for the uu¯ and dd¯ quark channels
and for the W+W− and ZZ gauge bosons with large astrophysical factors ≈ 103 [1, 2]. Such a parameter is
aﬀected not only by the astrophysical uncertainty, but also by the error introduced by the use of diﬀerential
ﬂuxes simulated by means of Monte Carlo event generator software. The exact estimation of the last eﬀect
depends on several factors, such as the annihilation channel, the energy of the process and the energy range
of interest [3]. In this contribution we focus on the W+W− annihilation channel. In addiction to the gamma
rays study, we present some prediction on the prospective neutrino ﬂux that may be originated by the same
source.
This work is organized as follows. In the ﬁrst section we revisit the equations able to describe both the
gamma ray and neutrino ﬂuxes from Galactic sources. The second section focuses on gamma rays phe-
nomenology. There we show the ﬁt of the HESS data for the W+W− annihilation channel. Although the
analysis is model independent, such annihilation channel possesses some interest for heavy dark matter
models [4], such as branons among others [5]. In order to give an estimation of the error introduced by
the Monte Carlo simulations, we analyze the case of photon spectra generated by both PYTHIA and HERWIG
packages, both in Fortran and C++. In particular we show results for 2 TeV center-of-mass events in the
W+W− channel (see [3] for more cases). In section 3, we consider the expected neutrino signal from the
annihilation of the heavy DM required to produce the HESS gamma-ray signal.
1. Astrophysical ﬂux
In general, both gamma ray and neutrino ﬂux for one particular annihilation channel can be described
by the equation for uncharged particles that travel without deviation due to galactic magnetic ﬁelds:
(
dΦ
dE
)i
j
=
〈σiv〉
8πM2DMi
(
dN
dE
)i
j
× 〈J〉iΔΩ j GeV−1cm−2s−1sr−1 , (1)
where j = γ, νk is the secondary uncharged particle. When j = νk, k = μ, τ, e is the neutrino ﬂavor. The
DM annihilation channel is ﬁxed by the i = i-th SM-particle. Because we performed single channel model
independent ﬁts, the astrophysical factor depends on the annihilation channel. Here, we present the results
for the i = W± boson channel. The diﬀerential number of particles dN/dE is simulated by means of the
Monte Carlo event generator software, as discussed in section 2.1. Unlike gamma rays, the composition of
the neutrino ﬂux produced at the source can diﬀer from that detected on the Earth because of the combina-
tion of diﬀerent ﬂavors produced by oscillations [6].
2. Gamma-ray ﬂux
As introduced before, the gamma rays signal observed by HESS between 200 GeV and 10 TeV from the
GC direction may be a combination of a DM signal with a simple power-law background. The total ﬁtting
function for the observed diﬀerential gamma ray ﬂux is:
dΦγ−Tot
dE
=
dΦγ−Bg
dE
+
Φdγ−DM
dE
= B2 ·
( E
GeV
)−Γ
+ A2i ·
dNiγ
dE
, (2)
where
A2i =
〈σiv〉ΔΩHESSγ 〈J〉ΔΩHESSγ
8πM2DM
(3)
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Channel W+W−
M 48.8 ± 4.3
A 4.98 ± 0.40
B 5.18 ± 2.23
Γ 2.80 ± 0.15
χ2/ d.o.f. 0.84
Δχ2 2.6
b 1767 ± 419
Table 1. Fit parameters for the gamma-ray ﬂux from the GC region HESS J1745-290 as DM annihilating into W+W− channel combined
with the diﬀuse background. The DM parameters M and A represent the DM mass and the amplitude of the signal, respectively. The
power-law background is described by its amplitude B and spectral index Γ. The normalized χ2/d.o.f. and its deviation from the best
ﬁt dd¯ channel (see [2]) is given. Finally, b is the boost factor with respect to a NFW DM density proﬁle.
needs to be ﬁtted together with the DM particle mass MDM, the background amplitude B and spectral index
Γ. By means of the ﬁt of the parameters Ai, the astrophysical factor
〈J〉iΔΩ =
1
ΔΩ
∫
ΔΩ
dΩ
∫ lmax(Ψ)
0
ρ2[r(l)] dl(Ψ) , (4)
is also indirectly ﬁtted. In the previous expression, l holds for the distance from the Sun to any point in the
halo. It is related with the radial distance r from the GC as r2 = l2 + D2 − 2Dl cosΨ, where D  8.5
kpc is the distance from the Sun to the center of the Galaxy. The maximum distance from the Sun to the
edge of the halo in the direction Ψ is lmax = D cosΨ +
√
r2 − D2 sinΨ. Moreover, the photon ﬂux must
be averaged over the solid angle of the detector. For the HESS telescope observing gamma rays in the TeV
energy scale, it is of order ΔΩHESSγ = 2π(1 − cos θ)  10−5. The DM density distribution in the Galaxy halo
is usually modeled by the NFW proﬁle [7]:
ρ(r) ≡ N
r(r − rs)2 , (5)
where N is the overall normalization and rs the scale radius. This proﬁle is in good agreement with N-body
non-baryonic cold DM simulations of the GC. In this case and accounting for just annihilating DM, the
astrophysical factor is: 〈JNFW〉  2.8 · 1025 GeV2cm−5. We will use this value as standard reference in
order to deﬁne the boost factor as bi ≡ 〈J〉i/〈JNFW〉. The diﬀerential number of gamma photons dNiγ/dE
is simulated by PYTHIA 6.4 and the analytical ﬁtting functions of such simulations are used to get the ﬁt
[8, 9]. In Fig. 1 and Table 1 we report the results of the gamma rays ﬁt of the W+W− channel. The ﬁt well
reproduces the spectral form and the energy cut-oﬀ for a DM mass of ∼ 50 TeV and a boost factor of ∼ 103.
The background is also ﬁtted and its amplitude and spectral index are in agreement with the FERMI-LAT
data [10]. The uncertainty introduced by the choice of the simulator is discussed in the next section.
2.1. Monte Carlo uncertainty on photons ﬂux
The diﬀerential number of photons simulated by Monte Carlo event generators software is the result of
a particle shower schematization in three parts: the QCD Final-State Radiation, the hadronization model
and the QED Final-State Radiation. The four codes diﬀer in each one of the aforementioned fundamental
parts and the combination of these intrinsic diﬀerences to the ﬁnal spectra is complicated (see [3, 11] for
details). In any case, it seems clear that the parton shower evolution variable aﬀects the QCD Final-State
Radiation [12, 13, 14, 15, 16, 17], while the hadronization model (String model in PYTHIAs [17, 18]
and Cluster model in HERWIGs [19, 20]) produces unstable hadrons which eventually decay. The resultant
ﬁnal states of such process are mainly leptons leading the photon production that involves QED processes.
Finally, the Bremsstrahlung component of the Final-State Radiation (FSR) represents the main diﬀerence
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Figure 1. Best ﬁt to the HESS J1745-290 collection of data [2] in the case that the DM contribution came entirely from annihilation
into W+W−. The full line shows the total ﬁtting function of χ2 = 0.84. The dotted line shows the simple power-law background
component with spectral index Γ = 2.80 ± 0.15 and B = 5.18 ± 2.23 × 10−4GeV−1/2cm−1s, while the dotted-dashed line shows the
contribution of annihilating DM into W+W− pairs without taking into account the telescope resolution uncertainty (R. U.) in energy.
The two-dotted line takes into account such resolution in energy, that is a 15%. The ﬁtted DM mass is 48.8 TeV and the normalization
parameter A = 4.98 ± 0.40 × 10−7cm−1s−1/2.
between the codes, for photons spectra at least. In fact, the Bremsstrahlung of very high energy leptons is not
implemented in HERWIG C++, it is just partially implemented in HERWIG Fortran, while it is implemented
both in PYTHIA ++ and PYTHIA Fortran. The electroweak (EW) 2 → 2 processes of the FSR, despite their
diﬀerent implementations for diﬀerent codes, do not signiﬁcantly aﬀect the gamma-ray spectra.
For annihilating DM, the photon spectra are better described in terms of the dimensionless variable:
x ≡ Eγ/ECM where Eγ and ECM correspond to the energy of the photon and center of mass (CM), respec-
tively. This variable lies in the range between 0 to 1. Because the standard Monte Carlo adjust uses data
at ECM = 100 GeV of center of mass energy from colliders such as LEP and LHC, large diﬀerences in
the spectra are usually present at very low or very high values of x. For this reason, we present the spec-
tra in both linear and logarithmic scales for x, in order to show more clearly the behavior in the ﬁrst and
second case, respectively. Here, we focused on DM particle mass of 1 TeV (see [3] for the same analysis
with 100 GeV DM annihilating into W+W−, bb¯, τ+τ− or 500 GeV DM mass in the case of tt¯ and further
details on 1 TeV DM mass for more channels). The photon spectra are independent of the initial beams
(details on the generation of the spectra can be found in [3]) and solely depend on the energy of the event,
i.e. ECM = 2MDM for annihilating DM. In Fig. 2 we show that the simulated gamma-ray spectra for DM
particles annihilating in W+W− are very similar for x  10−5 for a DM mass of 1 TeV. The lower ﬂuxes
generated by HERWIG++ at high energies (linear scale) are probably due to the lack in the implementation of
the Bremsstrahlung radiation from high energy leptons.
Although the low energy spectra are less important in the context of indirect searches due to the domi-
nance of the astrophysical background, let us underline that the low energy cut-oﬀ strongly depends on the
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Figure 2. W+W− annihilation channel with MDM = 1 TeV. (Left–panel) Logarithmic scale: the simulations are consistent down to a
value of x ≈ 10−6. (Right–panel) Linear scale: all the simulations exhibit the same behavior, except for HERWIG++ that separates from
the other simulations for values above x  0.3.
set parameters of each software. In PYTHIA 8 the cut-oﬀ at low energy exactly corresponds to the minimum
value allowed for photons and set by the pTminChgL parameter, that is 0.005 by default. In HERWIG++,
QEDRadiationHandler is set oﬀ by default, so that the cut-oﬀ appears at higher energy with respect to the
other Monte Carlo generators. In the opposite case, when QEDRadiationHandler is enable, the spectrum
at low energy changes drastically. In this case, the relevant parameter IFDipole:MinimumEnergyRest can
be varied in values: small values of such parameter enlarge the production of photons at low energies. Three
diﬀerent low energy cutoﬀs for the W−W− channel are shown in Fig. 3.
More interesting are the spectra at high energies. We present the Monte Carlo relative deviation (ΔMCi)
with respect to PYTHIA 8 in Fig. 4, deﬁned as
ΔMCs =
MCs − PYTHIA 8
PYTHIA 8
, (6)
where MCs stands for PYTHIA 6.4, HERWIG and HERWIG++. For a DM mass of 1 TeV and W boson anni-
hilation channel, the relative deviations for x  0.01 are always less than 20% up to x = 0.2. At x  0.2
the absence of Bremsstrahlung radiation generated by high energy leptons in HERWIG ++ leads to a smaller
number of high-energy photons when compared to the other softwares.
Also the multiplicity, that is the total number of photons produced by each event, aﬀects the constraints.
Apart from the speciﬁc characteristics of the detector, the ﬂux of photons depends upon the DM density
distribution and the distance of the sources. Thus, two simulations should give diﬀerent number of photons
for the same number of events and this will aﬀect the parameters 〈J〉 and b. In general, the multiplicity
depends on both the Monte Carlo event generator, the energy of the event and the annihilation channel. For
the W boson channel, it does not depend on the mass above 300 GeV, as we can see in Fig. 4. In this
study, the energy cut-oﬀ increases with the DM mass, because we set a lower photon energy cut-oﬀ around
xC = 10−5. This kind of DM mass depending cut-oﬀ allows to reject photons of lower energies, where the
simulations present important diﬀerences, and the contribution to gamma rays is less important. This cut-oﬀ
is also compatible with typical gamma-ray detectors energy thresholds, in fact detector energy thresholds
are typically around 1 − 10 GeV depending on the particular experimental device [21]. In any case, our
results do not seem to depend on the particular choice of this cut-oﬀ. The multiplicity behavior is well
approximated by the following power law relation with the DM mass:
Nγ
Nχχ→S M
 a ·
( M
1GeV
)b
. (7)
The a and b coeﬃcients are given in [3]. They depend on both theMonte Carlo simulator and the annihilation
channel. When the SM particle is ﬁxed, cosmological constraints obtained by means of the total number of
 V. Gammaldi et al. /  Physics Procedia  61 ( 2015 )  694 – 703 699
10-14
10-12
10-10
10-8
10-6
10-4
10-2
100
 1e-16  1e-14  1e-12  1e-10  1e-08  1e-06  0.0001  0.01  1
x1
.5
dN
/d
x
x=E/MDM
kT min=1e-4
kT min=1e-8
kT min=1  
Figure 3. The diﬀerence at low energy in C++ codes can be explained by the parameters that cut-oﬀ the lower energy photons. High
energies can be proved not to be aﬀected by this fact. W+W− channel with HERWIG ++ at MDM = 1 TeV in logarithmic scale. The
three cuts-oﬀ correspond to QEDRadiationHandler of kT = 10−8 , 10−4 , 1.
generated gamma photons might depend on the Monte Carlo simulation.
In the case of the W+W− and whenever the DM annihilation cross section is ﬁxed, PYTHIA 6.4 provides
lower limit values for astrophysical factor/boost factor in gamma rays, depending on the kind of ﬁt. On the
other hand, HERWIG Fortran gives the upper limit for similar analysis (see Fig. 4 and [3] for details). In
any case, the diﬀerence between PYTHIA 6.4 and PYTHIA 8, the latter being the most complete Monte Carlo
software for gamma rays, is less that a 4%.
3. Neutrino ﬂux
As for gamma rays, the diﬀerential neutrino ﬂux from annihilating DM in the Galaxy is described by
the equation (1). As a diﬀerence with the gamma ray case, the neutrino ﬂux on the Earth is not the same
as at the source, due to neutrinos oscillations and observational limits. In fact, neutrino telescopes are
able to discriminate between νμ and νe or ντ, but they cannot identify either νe from ντ or neutrinos from
anti-neutrinos. So, the interpolation functions of the diﬀerential neutrinos spectra simulated by PYTHIA 8
[18, 22] need to be slightly modiﬁed. In Fig. 5 we show the expected neutrino ﬂux on Earth when neutrino
oscillations and observational limits are taken into account. Because all the parameters of the model are ﬁtted
by the observation in gamma rays, observability of the neutrinos ﬂux depends only on a combination of the
resolution angle and eﬀective area of the telescope with the minimum energy threshold and the exposition
time. Both the angle and the area depend on the neutrino ﬂavor and the position of the source in the sky
with respect to the detector [23, 24, 30]. In the case of the GC, it should be possible in principle to get better
resolution angle with ANTARES [23] than with IceCube [24]. In the ﬁrst case the Earth is used as veto
and the background is given by atmospheric neutrinos. On the other hand, when the background is given
as most by atmospheric muons, as in the case of IceCube, the eﬀective area of the detector is aﬀected. The
IceCube collaboration reports the νμ and νe atmospheric neutrino ﬂuxes [25, 26]. As is shown in Fig. 5, no
ﬂux is expected with resolution lower that θ ≈ 1◦ from high density 48.8 TeV DM annihilating into W+W−
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Figure 4. Left Panel: Relative deviations versus x at MDM = 1 TeV. The full horizontal line at zero represents PYTHIA 8. The dashed
blue line holds for PYTHIA 6.4 vs. PYTHIA 8, the dotted one is HERWIG Fortran vs. PYTHIA 8 and the two-dotted one is HERWIG++
vs. PYTHIA 8. Right Panel: Multiplicity with lower photon energy cut-oﬀ of xC = 10−5. PYTHIA 6.4 provides the upper limit to the
number of generated photons by the W+W−, while HERWIG Fortran provides the lower limit with 23% diﬀerence between them.
channel in the GC. Thus we need better resolution angles in order to be able to get some signature above the
background. In fact, the statistical signiﬁcance of the signal above the background is given by
χνk =
Φνk
√
Aeﬀ texp ΔΩ√
Φνk + Φ
Atm
νk
= 5 (3, 2) . (8)
χνk depends also on the minimum energy threshold, exposition time and eﬀective area. In Fig. 6 we show the
statistical analysis for νμ track events for a generic neutrino telescope with Aeﬀ × texp = 100m2 yr. So, with
Aeﬀ = 20m2, texp = 5 yrs. and Emin = 1 TeV, an angle θ ≤ 0.4◦ is requested to get a signal measurement with
a conﬁdence level better than 2σ. Similar analysis was developed ﬁxing the resolution angle and searching
for the Aeﬀ × texp parameter with respect to the minimum energy threshold [6].
4. Conclusions and Prospects
We have analyzed the gamma-ray and neutrino ﬂux that should be generated by a very peaked DM
distribution in the GC and presented partial results for the W+W− annihilation channel. The study is based
on the ﬁt of the HESS data in gamma rays allowing to constrain the DM mass and the astrophysical factor.
Among other channels, the collection of data of the Cerenkov detector for the J1745-290 source is well
ﬁtted as 48.8 TeV DM annihilating into W+W− boson particles. The signal is superimposed on a gamma-
ray background compatible with the Fermi-LAT observation. We have also analyzed the uncertainty that
may be introduced by the simulation of gamma-ray ﬂux with diﬀerent Monte Carlo particle physics codes.
The relative deviation between diﬀerent codes turns out to be less than 20% for the boson channel at the
energy range of interest, whereas the number of photons produced for each event introduces an error less
than 4%. These uncertainties may aﬀect the 103 enhancement of the astrophysical factor necessary to ﬁt
the data. The astrophysical factor may also be aﬀected by the astrophysical uncertainty due to the choice of
the DM density proﬁle. In any case, its value is compatible with the baryonic enhancement in Monte Carlo
cosmological N-body simulation [27, 28], although opposed opinions about this scenario remain [29]. For
the DM particle able to ﬁt the gamma-rays data, we have also presented the prospects for the detection of the
neutrinos ﬂux to be generated by that particle. It depends both on the resolution angle and eﬀective area of
the neutrino telescope, in addition to the minimum energy threshold and the observation time. We sketched
a partial study of the combined resolution angle and the energy threshold needed to detect a neutrino signal
within some conﬁdence level, when the eﬀective area and the exposition time are ﬁxed. A resolution angle of
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Figure 5. Expected neutrino ﬂuxes from DM annihilating into W+W− channel for three diﬀerent resolution angles, namely θ =
60◦, 1◦, 0.1◦. For each couple of lines (each for one value of θ), the upper dot line is the νe expected ﬂux on Earth. Due to the fact that
the detector is able to distinguish between both νe-ντ and νi- ν¯i, with the νe ﬂux we have performed the sum of all them. The lower full
line of each pair is the same for νμ. The muonic and electronic background are given by IceCube 40-string conﬁguration and IceCube
in the 79-string conﬁguration, respectively.
0.4◦ is requested to get 2σ signal above the background for neutrino telescope with eﬀective area compatible
with ANTARES or IceCube, but more exposition time than we have available with the actual collection of
data [25, 26] is required. Therefore, at the present stage we are not able to either accept nor reject the DM
origin for gamma rays data with the present generation of neutrino detectors. An improvement in the angular
resolution of ANTARES or IceCube when looking at the GC may be fundamental in order to clarify DM
hypotheses. Moreover, the observation of this region with the next KM3NeT neutrino detector [30], with an
eﬀective area of 1 km2 and improved resolution angle, will be also of great interest. Finally, the observation
of antimatter ﬂux and matter-antimatter ratio as proton, antiproton and positron signal, may be useful to set
additional constraints on the DM origin.
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depends on the energy cut Eνmin and the resolution angle.
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